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WIND TUNNEL INVESTIGATION OF THE FORCES AND MOMENTS
ACTING ON A CRUCIFORM FINNED MODEL WITH FIXED AND FREELY
SPINNING TAIL ASSEMBLIES AT A MACH NUMBER OF 2.0

Prepared by:
William E. DeGrafft

ABSTRACT: Spinning cruciform finned models were tested to
determine the normal force, pitching moment, side force and
yawing moment characteristics at a Mach number of 2,0 and a
froce stroam Reynolds number of 3.98 x 10° per foot.

Tho models had fin cant angles of 0, 2 and 4 degrees. In
addition the models with the 2 and 4 degree fin cant angles
were constructed so that the fin assembly could rotate either
with the body as a single unit or rotate freely with the body
locked,

The tests showed that for the spin rates developed during the.
test, the normal force and pitching moments for all models
are independent of spin rate and fin cant angle. The yawing
moment 1s reduced on the average by a factor of 0.76 if the
fins are allowed to rotate freely while the body is held
stationary,
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WIND TUNNEL INVESTIGATION OF THE FORCES AND MOMENTS
ACTING ON A CRUCIFORM FINNED MODEL WITH FIXED AND
FREELY SPINNING TAIL ASSEMBLIES AT A MACH NUMBER OF 2.0

This report presents the experimentally determined side forces
and yawing moments acting on spinning missiles with cruciform
canted fins. Motivation for this investigation was provided
by a similar investigation conducted by Mr, John Wright at the
Naval Ordnance Laboratory on the EV-II Rocket (referemco (1)).
At the suggestion of Mr. Kenneth Baker (RMMO-42) of the Bureau
of Naval Weapons models with both fixed and freely spinning
tail sections were investigated., This work was accomplished
for the Burcau of Naval Weapons (RMMO-42) under Task Number
RMM¥0-42-009/212-1/F008-09-01,
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INTRODUCTION

The work presented in this report is an extension of the
work reported in rcfercnce (1), although the test tcchniques,
instrumentation and data reduction are considerably differont.

Forces and moments which 1lie in the planc of the velocity
vector and the model longitudinai axis are referred to as
normal forces and pitching moments, Forces and moments acting
perpendicular to the normal forces and pitching moments are
referred to as side forces and yawing moments, The forces and
moments of concern in this investigation are static and Magnus
forces and moments,

The static forces and momunts can be attributed to four
separate effects,

8. angle of attack
b, configurational asymmetry

c. combined angle of attack and roll angle (induced
effects) '

d. combined angle of attack and fin cant angle

The Magnus forces and moments 2re due to combined angle of
attack and spin rate. The models tested in this investigation
had no intentional configurational asymmetry so that forces and
moments due to effect b, are due only to small unintentional
asymmetries,

If a2 model is mounted on a sting so that it is free to
rotate about its longitudinal axis, then the total side forces
and yawing moments due to effects c¢. and d. and the Magnus
effect can be measured. The induced forces and moments
(effect*c.) have a frequency of four cycles per revolution with
an average contribution of zero over one cycle. Mean valuus of
the side forces and yawing moments obtained in this way will
then yield the side forces and yawing moments due to combined
angle of attack and fin cant angle and the Magnus effect.

Bolz, in his analysis of the dynamic stability of a rolling
missile (reference (2)) includes the yawing moment due to
combined angle of attack and fin cant angle and Magnus effect.
It has also been noted by Murphy in reference (3) that if the
ratio of the spin rate to the total velocity of the missile is
constant, the spin rate is directly proportional to the fin cant
angle. Under this condition, the yawing moments due to combined

1
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angle of attack and fin cant angle and the Magnus effect can be
combined into a single "Magnus type' moment depondunt only on
combined spin rate and angle of attack, This mcans that in
order to determine the separate effects of spin ratuv and fin
cant angle on the side forces and yawing moments, thoe forces

and moments must be measured whén the model is spinning at rates
either above or below the steady-state spin rate, The model
tested in this investigation hLas an internally mounted atir
turbine so that spin rates above the stoady-stato value can be
achieved.

In Appendix A the conditions for the dynamic stabtllty of

both fixed and freely spinning tail configurations arv discussed,

It is shown that under normal conditions the overall dynamic
stability of a fixed tail confliguration i3 improved both
dynamically and aerodynamically if the tail section is allowed
to spin while the main body does not spin., Freoly spinning tail
configurations are tested in order to dotermine thoe roduction in
the side force and yawing moment which can be achievod.

Aside from the overall improvements in dynamic stability
offcred by the freely spinning cruciform tail configurations,
f1ight instabilities arising from roll resonance should in many
cases be eliminated or greatly alloviated. The tail section
with its very small axial moment of inertia can be designed to
spin rapidly through the resonant spin rate. It has also been
demonstrated in free flight tests (reference (4)) that missiles
with spinning monoplane finned tail scctions have good dynamic
stability characteristics.

SYMBOLS

The data are referred to the non-rolling axes system
(Figure 1) and are presented in the form of force and monment
coefficients about a center of gravity 2" forward of the model
base.

A maximum body cross-sectional area of models Z%_
Cm pitching-moment coefficient —]%-
F
Cy normal-force coefficient —;
q
|
z
Cn yawing-moment coefficient A
Fy
cY side-force coefficient x
d maximum body diameter of models

2

”eem




NOLTR 63-79

Py, Fz forces in directions of Y and Z non-rolling axes

Hy, HZ moments about Y and 7 non-rolling axes

spin rate about X non-rolling axis

P, static pressure
g 7P4
q dynamic pressure
a angle of attack
V4 ' ratio of specific heat at constant pressure to

specific heat at constant volume, equals 1.4
APPARATUS AND TESTS

The tosts were conducted in NOL Supersonic Tunnel Nunmber 1
using the Mach number 2.0 nozzle. This is a blowdown tunnel
(rofercence (5)) using an atmospheric air supply and fixed
goometry nozzle blocks for Mach number change. The data were re-
corded on magnetic tape on a high-speed, analog-to-digital data
system and reduced to coefficient form on an IBM 7090 computer.
The supply pressure was 14.4 psia and the supply temperature was
75°F resulting in a Reynolds number of 3.98 x 10°per foot and
a Rcynolds number based on model length and diameter of
4.64 x 10° and 6.63 x 10°, respectively.

The models tested are the 2" diameter, 7 caliber long AN
spinner body with three interchangeable sets of rectangular,
canted, cruciform fins. Geometric characteristics of the models
are shown in Figure 2. The fin sections are identical in plan-
form and have fin cant angles of 0, 2 and 4 degrees,

Both the main body and the fin sections were mounted on the
model sting support on separate sets of ball bearings. This

‘mounting arrangement allowed the entire configuration to rotate

as a single unit or the fin section to rotate with the body
fixed. The main body also had an internally mounted air turbine

"allowing the entire configuration to be driven above the steady-

state spin rate., The air was supplied to the turbine by a
passage through the center of the sting support and exhausted

at the model base., The strain gages were protected from the air
exhausted from the turbine by a cylindrical metal shield.
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Angles of attack investigated ranged ffom -10° to +10° for
a2ll models., The test spin rates of the various models are tabu-
lated below, ' ’

Fin Cant Angle Spin Rate

Model Rotating Parts (d0g) (rpm)
1 Body and fins 0 0 - 2530
2 " 2 2466 - 5240
3 " 4 4350 - 6270
4 Fins alone 2 2290 ~ 2520
5 " 4 3540 -~ 4640

For each angle of attack the normal force, pitching moment,
side forco, yawing moment and spin rate were measured. The
forces and moments were measured by means of an elcctrical
strain gage balance (reference (68)). Sting deflection due to
the normal and side loads was computed as part of the data re-
duction. The spin rate wes measured by one of the photoolectric
tachometers mounted in the model.

Models 1, 2 and 3 were driven by the air turbine to spin.
rates above their steady-state values, When the maximum spin
rate for the air supply available was obtained the air turbine
wus shut off and the spin rate was allowed to decay to its steady-
state spin rate. During this coast-down period the forces,
moments and spin rates were recorded continuously. 1In addition
the forces, moments and the spin rate were recorded for several
seconds at the model steady-state spin rate., Models 4 and 5
were tested only at their steady-state spin rate since the
turbine could not drive the fin section independently of the
main body.

The strain gage instrumentation is not considered optimum
for the models testeqd for two reasons. First, the sensitivity
of the yaw gages was low compared to the side loads encountered.
This required the use of very high sensitivities on the read
out equipment. The yaw gage sections probably could have been
machined thinner to increase their sensitivity and still with-
stand the wind tunnel starting loads. An upper bound on the
gage sensitivity is, of course, imposed by the requirement for
an air passage in this balance. Second, the aft gages were
located very close to the model base., Some drift in the aft
yaw gage readings was noticed during the wind-off readings.
This drift was probably due to the transient cooling effect of
the air in the model base region, on the aft gages,
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RESULTS AND DISCUSSION

The results of the tests are presented in Figures 3 through
7. The normal force, pitching moment coefficients, and steady-
state spin rates of Models 2 and 5 are given as functions of
angle of attack, and the yawing moment coefficients are given as
a function of spin rate with angle of attack as a parameter,

The normal force and pitching moment coefficients for models
1 through 5 are presented in Figures 3 and 4. The effects of
£in cant angle and spin rate for all models tested are within
the scatter of the data so that the single mean value curves
apply for all configurations. The models are statically un-
stable for the center of gravity position used in the data
reduction. This c.g. position, however, 1s considerably further
aft than it would be in a normal missile configuration and was
chosen for convenience in calibration procedures used in a data
read out system abandoned prior to the test.

The side force and yawing moment coefficients showed con-
siderable scatter and werec not symmetrical for positive and
negative angles of attack, Some of this scatter can be attributed
to the particular strain gage balance used in these tests as
discussed in the previous section. There are also several aero-
dynamic reasons to which the scatter and asymmetry in the data
can be ascribed. As mentioned earlier, there are induced side
forces and yawing moments which oscillate with a frequency of
four cycles per revolution. The Magnus contribution to the side
forces and yawing moments measured is the result of the dis-
tortion of the body wake due to the spin rate of the body. This
wake in itself is an unsteady flow phenomenon. Another factor
which makes accurate readings of the side loads difficult is the
fact that slight misalignments of the model with the air streaz=
in the X - Z plane (see Figure 1) along with model asymmetries
can create side loads of the same order of magnitude as the total
yawing moment at low spin rates.

Plots of the yawing moment coefficients for models 1, 2 and
3 as a function of spin rate with angle of attack as a parameter
were made, These plots showed that at a given angle of attack a
single curve could be faired through the data for the 3 models,
within the scatter of the data, The reason for this is believed
to be that the models were not spun sufficiently above their
steady-state spin rates to isolate the independent effects of
spin rate and fin cant angle. These curves were then averaged
for positive and negative angles of attack so that they would be
symmetrical in angle of attack and are presented in Figure 5.
The same procedure was used in the presentation of the yawing
moment coefficients for models 4 and 5 as given in Figure 6.

S
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The maximum side force coefficient obtained in all of the tests
did not exceed 0,04, Since this value was so low, the scatter
in these data did not permit a successful correclation, and for
this reason the side force coefficlents are not presented,

The ratios of the yawing moment cocfficients for the models
‘where only the fins werc spinning (models 4 and 5), to the
yawing moment coefficients, for the models where the fins and
body spun as a single unit (models 1, 2 and 3), are given in
tho table below,

Spin late - ' Angle of Attack C,
(rpm) (deg) BF

2000

4000

—t | d
‘CRABN OB N
¢
-
-9

.72

There is a reduction in Cn for the models with only the fins

spinning over the entire angle of attack range. The amount of
the reduction increases with angle of attack up to 8 degrees
“with a slight decrease at 10 Qegrees.

The steady-state spin rates of models 2 and 4 are shown in
Figure 7. They are nearly identical, with model 2 having
slightly higher values. Measured values of the steady-state
spin rates of models 3 and 5 were erratic and are not presented.
Assuming that the values for models 2 and 4 are correct, then
according to linear theory the spin rate of models 3 and S
should be approximately 5000 rpm. This fact along with the
observations that the steady-state spin rates of models 3 and §
are not symmetric with angle of attack and considerably below
5000 rpm indicates that bearing friction had a marked influence
on the steady-state spin rates measured. Tests on models 3 and
5 were made toward the end of the test program using the original
set of bearings.
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CONCLUDING REMARKS

The normal force and pitching moment coefficlents of the
models are unaffected by the fin cant angles and spin rates
encountered in the tests, Reductions of the yawing moment
coefficicnts from 10 to 30 percent werc observed with configu-
rations having freely spinning tail sections,

There appear to be several areas in which further experi-
mental effort should be directed. The most important is to
determino the characteristics of frecc spinning tail configu-
rations at high angles of attack since the adverse effects of
the yawing moment due to spin rate on the dynamic stability are
more pronounced at high angles of attack, Tests should also be
mado at spin rates sufficiently higher or lower than the steady-
state spip rate so that the separate effects of fin cant angle
and spin rate can be observed, Sufficicent static tests should
also be made so that the static and dynamic contributions to
the yawing moment can be separated, This separation of components
of the total yawing moment is nccessary in order to use the
data in a computor program for six-~-degree-of-frcedom motion
studies, Since fréely spinning finned bodies usually accclerate
or decelerate rapidly to their instantanecous stecady-state spin
rate, it should be determined whether or not the side moment due
to spin rate depends on the time rate of change of the spin rate.

There are two improvements which could be made to increase
the accuracy of the side force and yawing moment data, The aft
strain gages should be carefully protected from the air flow
in the base reglion of the model, Both the forward and aft yaw
gage sections should be made more sensitive, due to the small
loads encountered. ' '

.. The testing procedure could be improved by carefully
determining the static side loads, produced by misalignments
of the model with the flow and model asymmetries. In order to
measure accurate values of the steady-state spin rates some
method. of monitoring the bearing life should be employed.

L ]

Additional theoretical and experimental work on missile
configurations with freely spinning tail sections is planned
in the pear future.

Cem v ma
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APPENDIX A

A-1, The symbols used in this appendix not previously defined
are '

ac
G - o pitching-moment coefficient dorivative
a da
C. - an pitch-damping coefficient derivative
ToTg
¢t
d _
Cn - [ Magnus moment coefficient derivative
pe 3 pd
)
c -Tod
z, = _= normal-force coefficient derivative
da
I - transverse moment of inertia
Ix - axial moment of inertia
n - mass of missile
v - total velocity of missile
p - air density

A-2, The conditions which must be satisfied in order that a
missile having a constant spin rate and total velocity and
flying at a constant altitude is dynamically stable, are

c c & c c 4 o &
-4 m z m o] -
(o Q.+ (o] q + px < A<l
— + —7 z T( " ;x ) 0 ( )
where
pl

\/( c, pv Ad

is a "Magnus type" stability derivative composed of static

pa
and dynamic effects Al
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A-3, 1In many cases

3
cC_d Cz

m
a4 > 2
| |>> | =2
so that the stability conditions to a good approximation are

c 2C

c
_'LStTC':‘“ e ) <o (A.2)

1 1,

A-4, The stability conditions for a missile configuration
wherc only the tail section rotates are (assuming that the
axial moment of inortia of the tail section alone is
approximately equal to zero)

c
-l—‘l (A.3)

where the primed quantities refer to the freely spinning tail

-configuration. All other quantitics are assumed to remain

the same,

A-5. Rewriting equation (A.2), the stability conditions, for
the case where the entire configuration is spinning, become

c p cm lx Cn

m N\ ’
+ q pa
Qa ( —1— + ) <o : (A.4)

assuming that

3
-Cmapv Ad Pl >a
21 > ( 21
. c c,
A-6. Assuming that p = p’ and that px and “pa are negatlve
and all other terms are equal for the two configurations, the
overall dynamic stability is improved if the tail scction is
allowed to freely rotate., There is a dynamic improvement since
the main body is not rotating and an aerodynamic improvement
since the Magnus moment contributiou of the main body is elimi-
pated(C, C; ).
pa px A-2
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Attn: Document Library 1
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Air Research and Development Center
Arnold Air Force Station, Tennessee

Attn: Technical Library
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Commanding Officer, DOFL
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Department of the Navy
Washipogton 25, D, C,
Attn: E, G, Haas . 1

SRR M ma S, SRR el

B N L

. ; ’
ot B PR Y PR PRI SR SR ST U RIS SIS IR ST S



s OSSN A AT A AR 15 NRSATINEY AN AR AR A BRRLG b

S —— —ee ~ _ (29-3) e2/6s0g - JOW-DmN 4
D e T A - A[qussty

TIvl Tl

NIdS duuuyds

Sxid sufd ax1d PaxTd

JISIA | 52118 119100L6Y]) SATIBF [N onud U0 J TN

Bl (153]) S3TISSTH TAOH BEECECT

2 5938y o40d 522204

kT *ou spTouAay- NI Taumny puly

YK Jupmey A00R 2P0

aLId TS TERS ISIN aTIssIy

¥dxe 0°2 LN 4 P2z T11qR35=-UT]

L HOYH Jaqumu yo8y qyay 50 TeUAPOdaY

AMOdIN SO SISAIYHY 1DIMANS
o irwoor e
, s.r..u.ﬁ.hmﬁ.a.whw_ £ond €96T TMdy g 31¥0 4HOa3Y
: MO PLIAIY 4O FINSNLD = 6LEPEY 6L=C9 | w3anon 1wsan
Tten | 2 - pawnrsseun oryan a2 mw.mi_ ¥LON 140dad TeITUYISY “TON 39005
T35 O Le w223 3005 $#OLaiu3s 10

%011 vy D gt Dt vHOOINBIA

SN ANYHOIT YO NOILLYNYOANI ONIDOTTVLIYD

e

SRS —

Mo R e e yne s, - s s

o g2 s L e et -

Sy et A




scefoxd *AY
te11eg° 111

‘S telllia
‘ai3vaTeq 11X
1L I

£380Y

joummy (UM
- SOTISESIN O

SOjLeUATO20Y
- solIEEIN %

po mumm  esmwe o, e

soefoxd °aAl
$eTI08 1T
_ S TYITTIIN
‘QivaTeg 1y
(4§ )2 TR (
[ 11 TY
leutny puIM
- S$OTISEIN °C
— sojawuiporey
- selysEIM °1

‘PetiisEetomn St (MY 108498QY

*300; Jod 01 ¥ PO°C Jo J0qunu spyculey uwedss
(T X¥ ] UV 0°2 jJO JeQunD QOUX W 39 ECPaEYy
-193081870 03.§.Uﬂih |22 K 2 {3} .«a- .aﬂ.ﬂ
-Cu uﬁdnou:- .Oo.-oh 1veL0Q 873 UTELIIYOD O PO
«3807 6Jea ESYOfCU pOUTYS wIO0TOnIo Pujuuydg
i e 60-p004/1~212 ooolw.l.o...n& L LA
o *10~ -
33 srodesr goseeses scicvulporey) cuPeyp
*sny1y ‘da (961 ITIEY §  °3l)vaneq ‘%
w1l Aq ‘(a) 0°2 40 ¥SAWIN HSYX ¥ LY saI'lg
“HASEY IV ININKILS X1a3U4L CRY GIXIZ HIIM
ISCON CRUNTL FAOLIIOHD ¥ KO INILLY SIRTMAT
CXY SZTHOJ il JO NOLIYDIISIANI 120Nl CXIM
. Aonumo odes (watugoey amm~
‘1t ‘w0 831q, ‘Alcysicqe] scuwupag Tehey

*poTJIssuIOUN €] (IO 308I3EQY

*3003 a0d 01 X §6°C JO 28qenu sppculey uweays
(YX31 m FUS 0°2 3O JegunT QOvX ¥ 1% SOfIsy
—21e3celeq0 juemca Jutmel puv scue] eiys fjuew
-cx Juigeiid ‘ecio] (vescu ey eulmiesep ou pe
=3803 eusa STSDOW [eLuU]] wiojjonio PFujoupdg
qIILISSYICHO
*10~60-E00L/1=212/600=2 +=Cres Asvy
32 32cdes goswesss sopnvndpotey) ‘xIeyp
..swdd ‘d°a ccoot 134dr g cajivaneg 3
Wit Aq ‘(n) 0°2 40 HIEWN HOTN ¥ 1Y £3I1d
~$3SEY 1LV ONINKIES X184 CXY GIXI4 HIIM
NSLCM CNNTd FHOLIIMD ¥ KO INILSY SIRDMO1
CXY S3JHUGJ ZHI JOC NOLIYDIISIZNT TaNNAL CNIM
) {6£~t9 31cdex tsotugoey Jaoﬁ
*It “xv0 e317y ‘Ar0yna0oqe] eomwuplg -

jo0foad *AT
so1J05° 111

‘T CNTTIIM
‘37)waseq XX
19Tl °I

£§9809%

Touumy puiM
= BOTYISSYIN °C

sojusuip Od0Y
= soyyssyT 1

300foad *Ar
801265 T11

*3 SIITLIM
333vageq 11
TATL I

5380

1eutmy jutm
- SOTISSIN °¢

sojuwuArcaey
- soyisern °1

*petiieteTOUn 1 290 40%LISAY

*3007 J0d 01 ¥ §6°C Jo Jequnu spoufoy ueeaas

T X¥ ) pu® O*2 JO J0QUNT JOWK ¥ 3% SOT38T

~2030929Q0 juomow FujMmed puw ©cx03 OLf8 ‘Juox

~ow Juyqoyid f‘ecto0] yswmzou 9gy SUITISIED C3 [O
3803 SJ8a STOpOW pOUUTY mI0ijonad Jojurids

0214I88VIONA

*10-60-0004/1-212/6Q0~2 y—Cr¥e 1891

Amoa 310des gqorsosea sojnruiporey) cJielp

*eny1y ‘d°a  cg9e1 171dy g *13iwaren °7

o IT1IM A “(n) 0°2 40 Maman HoYA ¥ 1Y L3154

~H+GSSY IV ONINNIAS A12a3H4 ONY GI(I4 HLIm

A0 0GNNTJd FHOLIONHO ¥ NO CHIJOY SINTA
CRY S§30HOd @HL JO NOLLIYDIJSIAANI N2NKND, CHLK
{64-£9 430dea Tvoyuyoeg now

‘p ‘w0 931y ‘A203vr0que] eousupag Tebwy

‘potJisasioun S} [J83 30CI3E4Y

*300) 20d O X §6°C JO 19qunu sp1onfoy ueesss
(TR} ' PUS 0°Z JO J9QUNU GOy ¥ 4% SOJ3ST
—=ZI0309I940 jUOwow FuymeL puw oc10] efys fjuew
~ow Juyyosyd ‘eosoy TeWIOU eyj SUTULOLEDP 0] po
=3803 OJ0M STOpOW pOUULS mIOJIONLO Juiuuidg
GAIAISSYIONA
°10-60~2004/1~212/ 6002 t—Ci¥L %831
Amoa j310deds qoreeses sojeeulpogey) “agwip
..swa« cdea  cg9ol 1344y g 33iwacer ‘7
11N A9 “(n) 0°Z 40 yamAN HIYA ¥ LY 25172
“WASEY IV DNINNILS X1addd ONY GZYIL HIIw
12800N CaNNIJd FMOJIONHD ¥ HO DHIJSY SINIA
QNY S3CUOM ZTHI JO NOILYDIJSAANT MZLNOL CITN
(6¢-€9 310dea 1moyugoay oy
‘P ‘rmo ®31qy ‘Az03eroqq mousury Tehwy

o — So—— o AT

L —————————— oy s e e e e

e SIS e panime o

e 4 m P s ¢ e A



